Synchronising ultra-short (∼fs) and focussed laser pulses is a particularly difficult task, as this timescale lies orders of magnitude below the typical range of fast electronic devices. Here we present an optical technique that allows for femtosecond-scale synchronisation of the focal planes of two focussed laser pulses. This technique is virtually applicable to any focussing geometry and relative intensity of the two lasers. 
Synchronising ultra-short (∼fs) and focussed laser pulses is a particularly difficult task, as this timescale lies orders of magnitude below the typical range of fast electronic devices. Here we present an optical technique that allows for femtosecond-scale synchronisation of the focal planes of two focussed laser pulses. This technique is virtually applicable to any focussing geometry and relative intensity of the two lasers. Experimental implementation of this technique provides excellent quantitative agreement with theoretical expectations. The proposed technique will prove highly beneficial for the next generation of multiple, petawatt class laser systems.
I. INTRODUCTION
Ultra-intense laser matter interactions generate extreme states of matter whose study is of paramount importance for the understanding of high energy density physics [1] . Multiple laser beam interactions are progressively attracting the attention of the physics community as they provide a unique scenario for the experimental study of highly nonlinear particle-photon interactions [2] , laboratory astrophysics [3] , particle acceleration [4, 5] , particle generation [6] and the production of the next generation of x-ray sources [7, 8] .
For a meaningful experimental implementation, it is indeed necessary that the high intensity foci of the lasers be spatially overlapped and temporally synchronised with a micron and femtosecond scale precision respectively. While spatial overlap is relatively easy to achieve, femtosecond scale synchronisation is a much harder task, since it lies orders of magnitude below the typical resolution of electronic devices (which respond on the ns to 100's of ps scale).
Previously, it was shown that by using the relatively broad frequency envelope of a femtosecond laser pulse, detailed information about the phase front and relative time delay between two collimated laser beams could be revealed by employing an interferometric technique provided prior knowledge of a reference beam parameters was previously obtained [9, 10] . Exploiting similar physical principles, we report here on a compact and versatile experimental technique that allows for the fine synchronisation of the focal planes of two focussed laser pulses. The proposed technique can be implemented in virtually any focusing geometry and relative intensity of the two laser beams. The technique has been tested using the two beam laser system Astra-Gemini at the Rutherford Appleton Laboratory (RAL) in Oxford UK, giving quantitative agreement with theoretical expectations.
This technique will prove highly beneficial for the next class of multi-petawatt laser systems such as the 20 PW Vlucan at RAL [11] and the Extreme Light Infrastructure (ELI) [12] , in which experiments with multiple ultra-high intensity lasers will be routinely performed.
The structure of this paper is as follows. In Section II the theory underlying this technique will be discussed and a prediction of the outcome is provided based on data specific to RAL. Then in Section III, the implementation of the technique is outlined for a recent experimental campaign in Astra-Gemini. Section IV presents the experimental findings and a comparison with the predictions is made. Finally, Section V gives a conclusive overview of the technique.
II. THEORY
Let us assume two pulses that have an optical path difference d between them (where d = N D, D being the separation of the sources and N the refractive index of the material separating them). An interference pattern will be observed with a number of fringes n, which is given by n = 2d/λ. The spatial fringes will be observed parallel to the axis of polarisation. Looking at the phase difference ϑ at each point on this axis, one extracts the equation ϑ = 2πny. Here y is the vertical distance on the axis normalised to the total length of that axis.
If the pulses are also incident on a diffraction grating in such a way that the 1 st order reflection disperses the frequencies along the vector perpendicular to the axis of polarisation, temporal fringes will manifest perpendicular to the spatial fringes. Previously, it was shown that spectral interference of two collinear pulses delayed in time by τ with respect to each other, they would be observed with a phase difference given by ϕ 1 − ϕ 2 − ωτ (where ϕ represents the phase of beams 1 and 2 respectively) [10] . From the ωτ term, it can be seen that for the same change in time delay, different frequencies decouple from one another by different amounts and because a diffraction grating simultaneously resolves frequencies and stretches their time durations, the pulses can interfere even though they are multiple time periods apart.
At the peak of the laser pulse envelope, the wavelength is given by λ 0 , which has a corresponding time period of T 0 . Longer wavelengths having a greater time period of T + and the shorter wavelengths having a smaller time period of T − . The relative difference between these values with respect to the central time period T ± /T 0 , will provide information about how these components of the pulses interfere with one another whenever those pulses are subject to a delay. This is achieved by converting the time differences to their corresponding phase shifts on the frequency axis. This shift is revealed by the quantity ϕ = 2τ T ± /T 0 × 2π where τ is the time periods of delay between the two beams normalised to T 0 .
The total phase difference between the two beams at any point on the plane which encompasses the two vectors described above is given by the Matrix C = ϕ ⊕ ϑ i.e., the sum of the phase shifts in spatial axis, and the phase shift in temporal axis at each position on the plane. This is shown in equation 1.
Where E denotes the maximum electric field strength of the first laser pulse (subscript 1) and second laser pulse (subscript 2). From equation 1, it can be seen that if the electric field of each beam is comparable, then one need only consider the terms within the cosine bracket to describe the changes observed. Therefore, the intensity can be simplified to
Using data from the Astra-Gemini laser system at RAL [13] where two beams with a duration of 45 ± 3 fs, at a repetition rate of 10 Hz, expectations of the behaviour can be determined. The central wavelength of the pulse is 800 ∼ 30 nm FWHM; hence, the central time period is given as T 0 = 2.667 × 10 −15 s with T − = 2.583 × 10 −15 s and T + = 2.750 × 10 −15 s. The pellicle used was of thickness D ∼ 1.2 µm and refractive index N ∼ 1.4 µm. This corresponds to d ∼ 1.68 and hence, to ∼ 4 spatial fringes. If the axis parallel to the polarisation is assigned to the x axis and the axis perpendicular to the polarisation to the y axis, a prediction of the interference pattern that will be observed can be generated. The expectations are fitted to a window where x = 1.6 mm and y = 4.5 mm in order to match the image produced on a CCD camera.
The Astra Gemini laser is fitted with a delay stage which can move in increments of 15 µm. This is a double pass delay giving a total change to the length of the beam path of 30 µm, which corresponds to a temporal change of 100 fs i.e., a delay resulting in τ = 37.5. A prediction of the behaviour based on equation 2 is given in figure 1.
FIG. 1:
The relative intensity plotted as a function of the x,y positions with values plotted in term of the phase difference associated with each position on the x-y axis, τ is the time normalised motion of the delay stage. Moving from left to right the delays are −3τ , −2τ , −1τ , 0, +1τ , +2τ and +3τ . It can be see that as the fringes approach synchronisation, the fringes rotate towards the horizontal axis and become more separated.
As can be seen in figure 1 , when the time delay is changed, the fringes both rotate and their separation increases. This occurs as the spatial fringes are not altered by the time delay imposed on the temporal fringes; however, the temporal fringes decouple from each other leading to a compression of those fringes. As each wavelength shows the same number of spatial fringes, the fringes both compress and rotate. At synchronisation, the temporal fringes are no longer visible but spatial fringes are.
In any arrangement where one is able to steer a two pulses with a small separation to a diffraction grating, and image the 1st order reflection from it, a set of fringes which rotate as the delay between the two pulses is altered should be seen at the CCD. This will allow one to alter the delay between the beams until a clear indication of temporal synchronisation is given. This takes place in the form of horizontal fringes (see figure 1) . Figure 2 shows the arrangement used to investigate the technique. After the two counter-propagating laser pulses are spatially overlapped, a pellicle is driven in between the beams in the plane of overlap (the position where timing is FIG. 2: Two counter-propagating laser pulses are incident on the pellicle of thickness D and refractive index N . A polariser is used to alter the relative intensities of the beams and allow the beams to interfere with one another. The diffraction grating spreads the beams in terms of frequency in one axis only, while the lens compresses this spread giving greater clarity of signal on the CCD chip. Due to the subtle path differences between the pulses imposed by the pellicle, a unique interference pattern will be formed for each time delay. critical). A polariser is used to alter the relative intensities of the beams and alter their polarisation. The diffraction grating spreads the beams in terms of frequency in one axis only, while the lens compresses this spread to give greater clarity of signal on the CCD chip. Due to the subtle path differences between the pulses imposed by the pellicle, a unique interference pattern will be formed for each time delay.
III. EXPERIMENTAL SETUP

IV. RESULTS
Looking at Figure 3 , one can see the changes that occur on the CCD camera close to synchronisation. The 7 images begin from left at a time delay of −300 fs progressing to +300 fs, in time steps of 100 fs. The central image shows the pattern obtained closest to synchronisation.
Progressing from left to the central image in figure 3 , one can see the fringes begin to rotate towards the horizontal axis. This is within the expectations discussed previously in Section II. Continuing through the images from the central image to right, the behaviour of the fringes is mirrored with the corresponding negative time step to the left, as the delay moves from synchronisation.
Clearly, synchronisation can be achieved within ±50 fs. Using figures 1 and 3, a comparison between the number of spatial fringes expected theoretically and those obtained experimentally along the y axis was made. If one counts the number of fringes along the vertical axis at any given position on the horizontal axis in figure 3 , the number obtained is always 4. This is true also for the theoretical model shown in figure1. Figure 4(a) , shows a similar comparison made between the number of temporal fringes predicted theoretically in figure 1 and obtained experimentally from a fixed point along the x axis. Again there is strong agreement however, some variation is seen.
Another subtle difference between the images in figure 3 and the predictions made in figure 1 is the rotation of the fringes at synchronisation. Plotting the angle of the fringes with time gives an estimate how far the laser pulses were from ideal synchronisation.
FIG. 3:
Results of the synchronisation process as seen on the CCD camera. The 7 images begin from left at a time delay of −300 fs progressing to +300 fs, in time steps of 100 fs. It can be seen that the fringes begin almost vertically and rotate towards the horizontal plane. The separation between the fringes also changes. The central image shows the CCD closest to synchronisation. As the images progress, the behaviour of the fringes is mirrored to the corresponding time steps.
FIG. 4:
A comparison between the theoretical expectations of the number of temporal fringes predicted (blue) in the model in figure 1 and those obtained experimentally (green) from a lineout at the corresponding on the CCD image. The angles are taken from images on the CCD at time delays of −300, −200, −100 0, +100, +200 and +300 fs, respectively.(b) Shows the rotation of fringes during the synchronisation process as seen on the CCD camera at the same delay positions. It can be seen that the rotation of the fringes occurs slowly initially but undergoes a very rapid change. This behaviour is mirrored by the separation of the fringes. The angles predicted from the model in figure 1 (blue) are compared with those obtained experimentally (green). Lines acting as guides for the eye are provided.Closest to ideal synchronisation, the fringes predicted in figure 1 have an angle of around 0.5 rad, while the experimental fringes are observed with an angle of −1.1 rad.
The angle of the fringes expected theoretically and those obtained experimentally is given in figure 4(b) . From this it can be seen that the rotation of the fringes occurs slowly initially but undergoes a very rapid change. Closest to perfect synchronisation, the fringes obtained experimentally have an angle of around −1.1 rad, greater than the −0.5 rad predicted in figure 1. Using the guide for the eyes provided in figure 4(b) , this corresponds to a loss in synchronisation of around 20 fs. This most likely comes from a systematic error in the motion of the delay stage. Imposing the systematic error onto the theoretical predictions made in figure 1 , the agreement with experimental data is enhanced further as can be seen in figure 5. 
V. CONCLUSIONS
A method for synchronising ultra-short, ultra-intense laser beams in a real-time way, with a precision of ±50 has been successfully demonstrated. It has been shown that the degree of synchronisation achievable, is limited by the step size available on the delay stage and hence, one can easily improve upon the experimental evidence provided here in order to achieve fs scale synchronisation. Due to the compact and versatile nature of the technique, it should prove highly beneficial in reducing the technical difficulties that may arise specifically in the next class of multi-petawatt laser systems such as the 20PW Vulcan at the Rutherford Appleton Laboratory and the Extreme Light Infrastructure, in which experiments with multiple ultra-high intensity lasers will be routinely performed.
